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[57] ABSTRACT

This 1nvention relates generally to a mass spectrometer
probe and a method of using said probe for desorption and
ionization of analytes. The sample probe comprises an
athinity reagent on the probe surface, wherein the athinity
reagent 1s capable of selectively binding an analyte. An
analyte bound to the afinity reagent can be desorbed by a
high energy source and detected in the mass spectrometer.
The probe and methods are useful in detection and analysis
of macromolecules such as proteins or other biomolecules.
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SURFACE-ENHANCED AFFINITY CAPTURE
FOR DESORPTION AND DETECTION OR
ANALYTES

This 1s a continuation of application Ser. No. 08/068,896
filed May 28, 1993.

The United States government has a paid-up license in
this invention and the right in limited circumstances to

require the patent owner to license others on reasonable
terms as provided for by the terms of Grant No. 58-6250-
1-003 awarded by the United States Department of Agri-
culture.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to methods and apparatus
for desorption and 1onization of analytes for the purpose of
subsequent scientific analysis by such methods, for example,
as mass spectrometry or biosensors. More specifically, this
invention relates to the field of mass spectrometry, especially
to the type of matrix-assisted laser desorption/ 1onization,
time-of-flight mass spectrometry used to analyze
macromolecules, such as proteins or biomolecules.

2. Description of the Prior Art

Generally, analysis by mass spectrometry involves the
vaporization and 1onization of a small sample of material,
using a high energy source, such as a laser, including a laser
beam. The material 1s vaporized from the surface of a probe
fip by the laser beam, and in the process, some of the
individual molecules are 10onized by the gain of a proton. The
positively charged 1onized molecules are then accelerated
through a short high voltage field and let fly into a high
vacuum chamber, at the far end of which they strike a
sensifive detector surface. Since the time of flight 1s a
function of the mass of the 1onized molecule, the elapsed
fime between 1onization and impact can be used to deter-
mine the molecule’s mass which, 1in turn, can be used to
identify the presence or absence of known molecules of
speciflc mass.

All known prior art procedures which present proteins or
other large biomolecules on a probe tip for laser desorption/
lonization time-of-flight mass spectrometry rely on a crys-
talline solid mixture of the protein or other analyte molecule
in a large excess of acidic matrix material deposited on the
bare surface of a metallic probe tip. (The sample probe tip
typically 1s metallic, either stainless steel, nickel plated
material or platinum). Immobilizing the analyte in such a
matrix was thought to be necessary in order to prevent the
destruction of analyte molecules by the laser beam. The laser
beam strikes the mixture on the probe tip and 1ts energy 1s
used to vaporize a small portion of the matrix material along
with some of the embedded analyte molecules. Without the
matrix, the analyte molecules are easily fragmented by the
laser energy, so that the mass, and 1dentity, of the original
macromolecule 1s very difficult to determine.

This prior art procedure has several limitations which
have prevented 1ts adaptation to automated protein or other
macrobiological molecules analysis. First, 1n a very crude
sample 1t is necessary to partially fractionate (or otherwise
purify the sample as much as possible) to eliminate the
presence of excessive extrancous materials 1n the matrix/
analyte crystalline mixture. The presence of large quantities
of components may depress the signal of the targeted
analyte. Such purification 1s time-consuming and expensive
and would be very difficult to do 1n an automated analyzer.

Second, while the amount of analyte material needed for
analysis by the prior art method is not large (typically in a
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picomole range), in some circumstances, such as tests on
pediatric patients, analyte fluids are available only 1in
extremely small volumes (microliters) and may be needed
for performing several different analyses. Therefore, even
the small amount needed for preparation of the analyte/
matrix crystalline mixture for a single analysis may be
significant. Also, only a tiny fraction (a few thousandths or
less) of analyte used in preparing the analyte/matrix mixture
for use on the probe tip 1s actually consumed 1n the mass
spectrometry analysis. Any improvement in the prior art
procedure which made 1t possible to use much less analyte
to conduct the test would be highly advantageous 1in many
clinical areas.

Third, the analyte protein, or other macromolecule, used
in preparing the analyte matrix for use on the probe tip 1s not
suitable for any subsequent chemical tests or procedures
because 1t 1s bound up 1n the matrix material. Also, all of the
matrix material used to date 1s strongly acidic, so that 1t
would affect many chemical reactions which might be
attempted on the mixture in order to modily the analyte
molecules for subsequent examination. Any improvement in
the procedure which made 1t possible to conduct subsequent
chemical modifications or reactions on the analyte
molecules, without removing them from the matrix or the
probe tip, would be of enormous benelit to researchers and
clinicians.

Additional limitations i the prior art included problems
with matrix use such as:

(1) formation of analyte-matrix complex: (referred to as
“matrix adduct” which interferes with the accuracy of
analyte measurement;

(2) inability to wash away contaminants present in analyte
or matrix (e.g., other proteins or salts);

(3) formation of analyte-salt ion adducts;
(4) less than optimum solubility of analyte in matrix;

(5) signal (molecular ion) suppression “poisoning” due to
simultaneous presence of multiple components; and

(6) selective analyte desorption/ionization.

There are a number of problems and limitations with the
prior art methods. Prior investigators, including Karas and
Hillenkamp have reported a variety of techniques for analyte
detection using mass spectroscopy, but these techniques
suffered because of inherent limitations 1n sensitivity and
selectivity of the techniques, specifically including limita-
tions 1n detection of analytes 1n low volume, undifferentiated
samples. The “Hillenkamp-Karas” articles that pertain to
this field of 1nvention are:

1. Hillenkamp, “Laser Desorption Mass Spectrometry:
Mechanisms, Techniques and Applications™; Bordeaux
Mass Spectrometry Conference Report, 1988, pages
354-362.

2. Karas and Hillenkamp, “Ultraviolet Laser Desorption
of Proteins Up to 120,000 Daltons™, Bordeaux Mass Spec-
trometry Conference Report, 1988, pages 416, 417.

3. Karas and Hillenkamp, “Laser Desorption Ionization of
Proteins With Molecular Masses Exceeding 10,000

Daltons”, Analytical Chemistry, 60. 2299-2301, July 1988.

4. Karas, Ingendoh, Bahr and Hillenkamp, “UV-Laser
Desorption/Ilonization Mass Spectrometry of Femtomol
Amounts of Large Proteins”, Biomed. Environ. Mass Spec-
frum 18:841-843 (1989).

The use of laser beams 1n time-of-flight mass spectrom-
eters 1s shown, for example, in U.S. Pat. Nos. 4,694,167;
4,686,366, 4,295,046, and 5,045,694, imcorporated by rel-
erence.

The first successful molecular mass measurements of
intact peptides and small proteins (only up to about 15 kDa)
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by any form of mass spectrometry were made by bombard-
ing surfaces with high energy particles (plasma desorption
and fast atom bombardment mass spectrometry); this break-
through came m 1981 and 1982. Improvements came 1n
1985 and 1986, however, yield (signal intensities),
sensitivity, precision, and mass accuracy remained relatively
low. Higher molecular mass proteins (about 20 to 25 kDa)
were not observed except on rare occasions; proteins rep-
resenting average molecular weights (approximately 70
kDa) were not ever observed with these methods. Thus,
evaluation of most proteins by mass spectrometry remains
unrealized.

In 1988, Hillenkamp and his coworkers used UV laser
desorption time-of-flight mass spectrometry and discovered
that when proteins of relatively high molecular mass were
deposited on the probe tip 1 the presence of a very large
molar excess of an acidic, UV absorbing chemical matrix
(nicotinic acid) they could be desorbed in the intact state.
This new technique 1s called matrix-assisted laser
desorption/ionization (MALDI) time-of-flight mass spec-
trometry. Note that laser desorption time-of-flight mass
spectrometry (without the chemical matrix) had been around
for some time, however, there was little or no success
determining the molecular weights of large mntact biopoly-
mers such as proteins and nucleic acids because they were
fragmented (destroyed) upon desorption. Thus, prior to the
introduction of a chemical matrix, laser desorption mass
spectrometry was essentially useless for the detection of
specific changes in the mass of intact macromolecules (see
below). Note that the random formation of matrix crystals
and the random inclusion of analyte molecules 1n the solid
solution 1s prior art.

SUMMARY OF THE INVENTION

The primary object of the invention 1s to provide
improved methods, materials composition and apparatus for
coupled adsorption, desorption and 1onization of multiple or
selected analytes into the gas (vapor) phase, preferably for
use 1n conjunction with mass spectrometry of biomolecules
and other macromolecules, as well as by means of analytic
detection other than mass spectrometry. The 1nvention
incudes a flexible variety of options for presenting surfaces
with attached energy absorbing molecules, defined reaction
sites, and aflinity reagents for the capture, transfer, and/or
the desorption of analytes before and after a series of
chemical, physical, and/or enzymatic modifications per-
formed 1n situ.

Another object 1s to provide such a method and apparatus
for athimity-directed detection of analytes, including desorp-
fion and 1onization of analytes in which the analyte 1s not
dispersed 1n a matrix solution or crystalline structure but 1s
presented within, on or above an attached surface of energy
absorbing “matrix” material through molecular recognition
events, 1n a position where 1t 1s accessible and amenable to
a wide variety of chemical, physical and biological modi-
fication or recognition reactions.

The probe surface with and without bonded energy
absorbing molecules, referred to as the sample presenting
surface can be composed of a variety of materials, including
porous or nonporous materials, with the porous materials
providing sponge-like, polymeric, high surface areas for
optimized adsorption and presentation of analyte.

These surface materials can be substituted (at varying
densities) with chemically bonded (covalent or noncovalent)
affinity adsorption reagents and/or chemically bonded (i.e.,
immobilized) energy absorbing molecules (bound “matrix”
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molecules). The geometry of the sample presenting surface
can be varied (i.e., size, texture, flexibility, thickness, etc.) to
suit the need (e.g., insertion into a living organism through
spaces of predetermined sizes) of the experiment (assay).

Another object 1s to provide such a method and apparatus
in which the analyte material 1s chemically bound or physi-
cally adhered to a substrate forming a probe tip or other
sample presenting surface.

A further object 1s to provide means for the modification
of probe or sample presenting surfaces with energy-
absorbing molecules to enable the successtul desorption of
analyte molecules without the addition of exogenous matrix
molecules as 1n prior art.

A further object 1s to provide the appropriate density of
energy-absorbing molecules bonded (covalently or
noncovalently) in a variety of geometries such that mono
layers and multiple layers of attached energy-absorbing
molecules can be used to facilitate the desorption of analyte
molecules of varying masses. The optimum ratio of
adsorbed or bonded energy-absorbing molecules to analyte
varies with the mass of the analyte to be detected. A further
object 1s to modify the sample presenting surface with such
energy-absorbing molecules where the composition of the
probe or sample presenting surface 1s other than the metal or
metallic surfaces as described 1n prior art. Separate from the
chemical and/or physical modification of the probe surface
with energy absorbing molecules 1s the modification of these
surfaces with affinity reagents, both chemical and/or
biological, for the specific purpose of capturing (adsorbing)
specific analyte molecules or classes of analyte molecules
for the subsequent preparation, modification, and successiul
desorption of said analyte molecules.

A further object 1s to provide all combinations of surfaces
modified with energy-absorbing molecules and/or affinity-
directed analyte capture devices to enable the selective
and/or nonselective adsorption of analytes and the subse-
quent desorption either with or without requiring the sub-
sequent addition of additional matrix molecules. It 1s 1mpor-
tant to note that the surfaces modified with afhinity reagents
for the capture of analytes are more useful than the underiv-
itized sample surfaces described in prior art even when the
deposition of energy-absorbing molecules (that is matrix) is
as described 1 prior art. Because of the advantages 1n the
ability to remove contaminating substances from the
adsorbed analyte molecules and because of the ability to
modify adsorbed analyte molecules without (or before)
added matrix.

A further object 1s to provide such a method and apparatus
in which the substrate forming the probe tip or other sample
presenting surface 1s derivatized with one or more affinity

reagents (a variety of densities and degrees of amplification)
for selective bonding with predetermined analytes or classes

of analytes.

A further object 1s to provide methods and apparatus for
using probe tips having surfaces derivatized with affinity
reagents and containing laser desorption matrix material
(chemically bonded to surface or not) which may be used to
1solate target analyte materials from undifferentiated bio-
logical samples such as blood, tears, urine, saliva, gas-
troimntestinal fluids, spinal fluid, amniotic fluid, bone marrow,
bacteria, viruses, cells 1n culture, biopsy tissue, plant tissue
or Hluids, 1nsect tissue or fluids, etc.

Because of the new and preferred method for presentation
and desorption of selected analytes, a further object 1s to use
analyte detection methods other than the generic electron
multipliers typically used 1n mass spectrometric devices.
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This would include but would not be limited to detection
films/plates for the qualitative or quantitative evaluation of
fluorescent or radio-labeled analytes or analyte molecule
complexes.

A further object 1s to provide such a system in which the s
athinity reagent chemically bonds or biologically adheres to
the target analyte or class of analytes.

A further object 1s to use existing and new solid phase
affinity reagents (e.g., small diameter porous or nonporous
beads of cross-linked polymer with attached molecular
capture devices) designed for the (1) capture (adsorption of
one or more analytes, (2) the preparation of these captured
analytes (e.g., washing with H,O or other buffered or
nonbuffered solutions to remove contaminants such as salts,
multiple cycles of washing, such as with polar organic
solvent, detergent-dissolving solvent, dilute acid, dilute base
or urea), and (3) most importantly, the direct transfer of these

captured and prepared analytes to the probe surface for
subsequent analyte desorption (for detection, quantification
and/or mass analysis).

A further object 1s to provide such a system in which the
predetermined analytes are individual biomolecules or other
macromolecules or combinations of adjoined molecules
(i.e., complexes).

A still further object 1s to provide such a method and
apparatus in which the matrix materials used are not strongly
acidic, as 1n prior art matrices, but are chemically modified
into the slightly acidic, neutral pH or strongly basic range of
pH.

A further object 1s to provide such a system 1n which the
matrix material has a pH above 6.0.

A still further object 1s to provide a method and apparatus
for desorption and 1onization of analytes 1n which unused
portion of the analytes contained on the presenting surface
remain chemically accessible, so that a series of chemical
and/or enzymatic or other treatments (e.g., discovery of
analyte-associated molecules by molecular recognition) of
the analyte may be conducted on the probe tip or other
presenting surface, 1n situ, followed by sequential analyses
of the modified analyte by mass spectrometry. In one case
(i.c., repetitive sequential analyses) the analyte is adsorbed
to the sample presenting surface and can be treated
(modified in situ after the excess free matrix is removed (i.¢.,
washed away). Matrix can be added back before analysis by
mass spectrometry. Using this procedure, an analyte can be
repeatedly tested for a variety of components by removing
one matrix, moditying the analyte sample, re-applying the
same or different matrix, analyzing the sample, etc.

A further object 1s to provide a method and apparatus for
the combined chemical and/or enzymatic modifications of
target analytes for the purpose of clucidating primary,
secondary, tertiary, or quaternary structure of the analyte and
its components.

A still further object 1s to provide such a method and
apparatus 1n which the probe tips or other sample presenting
surfaces are formed of a variety of materials, including
electrically insulating materials (porous and nonporous),
flexible or nonrigid materials, optically transparent materials
(e.g., glass, including glass of varying densities, thicknesses,
colors and with varying refractive indices), as well as less
reactive, more biocompatible materials (e.g., biopolymers
such as agarose, dextran, cellulose, starches, peptides, and
fragments of proteins and of nucleic acids such as DNA
(deoxyribonucleic acid) and RNA (ribonucleic acid). These
surfaces can be chemically modified by the attachment of
energy-absorbing molecules and/or athinity directed analyte
capture molecules.
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Another object 1s to provide a method and apparatus for
desorption and 1onization of analyte materials 1n which
cations other than protons (H™) are utilized for ionization of
analyte macromolecules.

Note that the laser or light source used to convey energy
to the probe surface can employ a wavelength(s) that is(are)
not fixed but can be varied according to the wavelength
absorbed by the matrix (whether the matrix is added in the
free form or is chemically bonded to the probe (sample
presenting) surface). For this procedure, a variety of wave-
lengths (10 or more) defined by absorbance of matrix or
energy absorbing surface can be utilized.

Another object 1s to provide such a method and apparatus
in which the probe tips or other sample presenting surfaces
used for laser desorption/ionization time-of-flicht mass
spectrometry are magnetized and 1 which the matrix, affin-
ity directed absorption molecules and/or analyte materials
arc magnetically adhered to such magnetized surface.

A further object 1s a method and apparatus in which the
matrix and/or analyte materials are adhered by any variety of
chemical mechanisms to the sample presenting surface.

A further objective 1s to provide energy-absorbing mol-
ecules which have been incorporated into other chemical
structures (e.g., chemical or biological polymers) for the
deposition (covalent or noncovalent) onto the sample pre-
senting surface 1n a way that enables repetitious analyte
desorption events without interference with chemical and/or
enzymatic modifications of the analyte molecule(s) per-
formed 1n situ.

Another object 1s to provide sample presenting surfaces in
a variety of sizes and configurations (up to 4"x4") with
multiple (up to 10,000 or more) spots (including spots down
to <0.001 inch diameter) of affinity reagents arranged in
predetermined arrays for the selective adsorption of numer-
ous different analytes (e.g., clinical chemical marker
proteins) to enable a wide spectrum sampling of the mac-
romolecular composition of biological samples/tluids.

As shown more fully below, the present imnvention over-
comes limitations and disabilities of the prior art by provid-
ing probe tips or sample plates whose surfaces have been
derivatized with biospecific afhinity reagents which will
selectively bind specific groups or types of biomolecules or
other analytes out of an undifferentiated sample (such as
blood or urine). Appropriate selection of the affinity reagents
used to derivatize the probe tip surface therefore makes
possible the selection from the undifferentiated sample and
binding to the probe tip of the specific types or groups of
biological or other macromolecules under investigation, or
subsequent examination (e.g., quantification and/or structure
elucidation) by mass spectrometry. This has the advantage of
achieving both the purification of the analyte sample previ-
ously required and the effect of concentrating the analyte. It
reduces by a factor of 1,000 to 100,000 the amount of
analyte needed for the mass spectrometry examination, since
only the macromolecules which attach to the biospeciiic
athinity reagents are removed from the analyte sample, and
these can be sequestered on predetermined areas of the
probe tips or sample plates that are even less than the laser
spot size.

It also has been found that the probe tips Tused in the
process of the invention need not be metal or metal-coated,
as with prior art procedures. Research involved in the
invention has mvolved glass and synthetic polymer surfaces
such as polystyrene, polypropylene, polyethylene, polycar-
bonate and other polymers including biopolymers, for the
probe tips which have been covalently or noncovalently
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derivatized for immobilization of speciiic reagents that will
direct the selective adsorption of specific analytes. These
surfaces will include immobilized metal 10ons, 1immobilized
proteins, peptides, enzymes, and inhibitor molecules, immo-
bilized DNA and RNA, immobilized antibodies, immobi-
lized reducing agents, immobilized carbohydrates and
lectins, immobilized dyes and immobilized protein surface
domains involved in molecular recognition (e.g., dimeriza-
tion domains and subunits). Some of the chemical and
surface structures are as yet unknown.

The preferred probe tip, or sample plate, for selective
adsorption/presentation of sample for mass analysis are (1)
stainless steel (or other metal) with a synthetic polymer
coating (e.g., cross-linked dextran or agarose, nylon,
polyethylene, polystyrene) suitable for covalent attachment
of specific biomolecules or other nonbiological affinity
reagents, (2) glass or ceramic, and/or (3) plastic (synthetic
polymer). The chemical structures involved in the selective
immobilization of athinity reagents to these probe surfaces
will encompass the known variety of oxygen-dependent,
carbon-dependent, sulfur-dependent, and/or nitrogen-
dependent means of covalent or noncovalent 1mmobiliza-
tion. The methods and chemical reactions used in producing
such surfaces derivatized with biospecific atlinity reagents
already are known by those skilled in the art. Two features
of the invention, however, are (1) the specific size and
localization of the derivatized surface with respect to the
laser beam and (2) the affinity directed presentation of
specific analyte molecules (e.g., macromolecule or
biopolymer) at a defined surface density or local concentra-
tion required for the efficient detection by laser desorption/
lonization time-oif-flight mass spectrometry. This can be
accomplished by arranging the affinity adsorption “spots™
(0.005 to 0.080 inch diameter) on the probe surface in a
defined manner (400 to 1,000 spots could be placed on a

surface about the size of a glass slide).

An additional discovery mvolves the fact that pH modi-
fled chemical matrices can be used on these surfaces to
facilitate desorption/ionization without disruption of condi-
fions necessary for subsequent sample modification. As
discussed above, prior art matrix materials used for biomo-
lecular mass spectrometry are acidic. The exact chemical
structure of the pH-modified matrices still are unknown.
However, by suitable neutralization of the matrix material, it
can be made largely passive to subsequent chemical or
enzymatic reactions carried out on the analyte molecules
presented on the derivatized probe tip surface by the bio-
specific athinity reagents. This makes possible the carrying
out of chemical reactions on the analyte molecules presented
on the probe tips. Since only a small fraction of the analyte
molecules are used in each desorption/mass spectrometer
measurement, a number of sequential chemical and/or enzy-
matic modifications of the samples, 1n situ, on the probe tips,
and subsequent analysis of the modified samples by mass
spectrometry, can be carried out on the same probe tips in
order to more accurately determine exactly what molecule 1s
present, or other characteristics or mmformation about the
molecule, including 1ts structure.

Finally, even when these matrix molecules are 1mmobi-
lized on a probe tip surface, the analyte deposited on such a
surface can be desorbed with a laser beam. This circumvents
the contamination of the analyte by the matrix molecules. As
a particular feature of the invention, we have shown that
some energy absorbing molecules that do not work as
“matrix” molecules when added to analytes as a solution of
free molecules (as in prior art) do indeed work well to
facilitate the desorption of intact analyte molecules after
being 1mmobilized.
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It seems likely that these improvements 1n the procedure
will enable bioanalytical and medical instrument manufac-
turers to develop a machine for the automated evaluation of
a single protein sample deposited on a surface and modified
with numerous chemical and/or enzymatic reactions per-
formed 1n situ.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects and advantages of the
invention will be apparent from the following specification
and from the accompanying drawings.

FIG. 1, top profile, 1s a mass spectrum of peptide mixtures
using sinapinic acid pH 6.5 as the matrix. FIG. 1, bottom
proiile 1s a mass spectrum of the same peptide mixtures after
in situ addition of CuSO,.

FIG. 2, top profile 1s a mass spectrum of human casein
phosphopeptide (R1-K18+5P) using sinapinic acid pH 6.5 as
the matrix. FIG. 2, second from top proiile and second from
bottom profiile, shows the mass spectrum of the same peptide
after 1n situ alkaline phosphatase digestion for 5 and 10 min
respectively. FIG. 2, bottom profile, shows the mass spec-
trum of the same peptide using dihydroxybenzoic acid pH 2
as the matrix, after in situ alkaline phosphatase digestion for
10 min.

FIG. 3 1s a mass spectrum histidine-rich glycoprotein
(GHHPH).G peptide using sinapinic acid pH 6.2 as the
matrix before and after 1n situ digestion with carboxypep-
fidase P.

FIG. 4 1s a composite mass spectra of peptide mixtures
using sinapinic acid as the matrix on glass, polypropylene-
coated steel, polystyrene-coated steel and nylon probe tips.

FIG. 5, top profile, 1s a mass spectrum ol peptides
unadsorbed by TSK SW-IDA-Cu(Il). FIG. §, middle profile,
1s a mass spectrum of peptide adsorbed by TSK SW-IDA-

Cu(Il). FIG. 5, bottom profile, is a mass spectrum of the
same peptide adsorbed on TSK SW-IDA-Cu(Il) after water

wash.

FIG. 6 1s a mass spectrum of myoglobin (= 8fmole)
affinity-adsorbed on TSK SW-IDA-Cu(II).

FIG. 7, bottom profile, 1s a mass spectrum of proteins/
peptides 1n infant formula. FIG. 7, second from bottom
proiile, 1s a mass spectrum of phosphopeptides 1n the same
sample affinity-adsorbed on Sepharose-TED-Fe(IIl). FIG. 7,
second from top profile, 1s a mass spectrum of proteins/
peptides 1n gastric aspirate of preterm infant. FIG. 7, top
proille, 1s a mass spectrum of the phosphopeptides 1n the
same sample adsorbed on Sepharose-TED-Fe(IIl).

FIG. 8, bottom profile, 1s a mass spectrum of rabbit
anti-human lactoferrin 1mmunoglobin affinity adsorbed on
paramagnetic Dynabead-sheep anti-rabbit IgG. FIG. 8, top
proiile, 1s a mass spectrum of human lactoferrin and rabbit
anti-human lactoferrin IgG complex affinity adsorbed on
paramagnetic Dynabead-sheep anti-rabbit IgG.

FIG. 9 1s a mass spectrum of human lactoferrin athinity
adsorbed on a single bead of agarose-single-stranded DNA
deposited on a 0.5 mm diameter steel probe tip.

FIG. 10 1s the mass spectrum of human lactoferrin athinity
adsorbed from urine on agarose-single-stranded DNA.

FIG. 11A 1s a mass spectrum of human gastrointestinal
fluid. FIG. 11B 1s a mass spectrum of trypsin in the same
sample affinity adsorbed on AfiGel 10-soybean trypsin
inhibitor.

FIG. 12, top profile, 1s a mass spectrum of human serum
proteins. FIG. 12, bottom profile, 1s a mass spectrum of
human serum albumin in the same sample atffinity adsorbed
on agarose-Cibacron blue.
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FIG. 13 1s a drawing of the surface bound cinnamamaide;
R represents the surface plus cross-linear.

FIG. 14, top profile, 1s a mass spectrum of peptide
mixtures on surface bound cinnamamide. FIG. 14, bottom
proflle, shows the mass spectrum of the same peptide
mixtures on free cinnamamide.

FIG. 15 1s a drawing of the surface bound cinnamyl
bromide; two structural forms are possible; R represents the
surface plus cross-linear.

FIG. 16, top profile, 1s a mass spectrum of pepftide
mixtures on surtace bound cimmnamyl bromide. FIG. 16,
bottom profile, 1s a mass spectrum of the same peptide
mixtures on free cinnamyl bromide.

FIG. 17 1s a drawing of the surface bound MAP-
dihydroxybenzoic acid; R represents the surface plus cross-
linker.

FIG. 18, top profile, 1s a mass spectrum of pepftide
mixtures on surface bound MAP alone (control surface).
FIG. 18, bottom proiile, 1s a mass spectrum of the same
peptide mixtures on surface bound MAP-dihydroxybenzoic
acid.

FIG. 19A 1s a mass spectrum of myoglobin on surface
bound cyanohydroxycmnamic acid. FIG. 19B 1s the same
mass spectrum 1n the low mass region.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS DETAILED DESCRIPTION
Usage of Conventional Matrix in Aqueous, pH-neutralized

Form

Examples:

Sinapinic acid (dimethoxy hydroxycinnamic acid)
(Aldrich Chemical Co., Inc., Milwaukee, Wis.) 20 mg/ml
water suspension (intrinsic pH 3.88)

Dihydoxybenzoic acid (Aldrich) 20 mg/ml water
(intrinsic pH 2.07)

Cyanohydroxycinnamic acid (Aldrich) 20 mg/ml water
suspension (intrinsic pH 3.3) each titrated with triethylamine
(Pierce, Rockford, Ill.) to pH 6.5, 7.2 and 6.5 respectively

2 ul of the matrix solution was mixed with 1 ul of sample
and allowed to air dry

1. A mixture of synthetic peptides—human histidine-rich
glycoprotein peptide (GHHPH),G, (GHHPH).G, human
estrogen receptor dimerization domain (D473-1.525) with
neutralized sinapinic acid as the matrix, in the absence and
presence of Cu(Il). FIG. 1 showed the in situ metal-binding
properties of the peptides under neutralized condition.

2. Casein phosphopeptide (R1-K18+5P) with sinapinic
acid pH 6.5. Followed by in situ alkaline phosphatase (0.5
ul, Sigma) digestion for 10 min at room temperature. Similar
in situ digestion on the same peptide with dihydoxybenzoic
acid (prepared in 30% methanol/0.1% trifluoroacetic acid)
was used as control. FIG. 2 showed the more efficient
enzymatic dephosphorylation under neutralized condition.

3. Mixture of synthetic peptides as 1n 1 with sinapinic acid
pH 6.2, followed by in situ carboxypeptidase P (1 ul,
Boehringer Mannheim Corp, Indianapolis, Ind., 20 ug/50 ul)
digestion for 30 min at room temperature. FIG. 3 showed
preferential removal of C-terminal amino acid from
histidine-rich glycoprotein peptide. Also showed unambigu-
ous C-terminal determination even 1n peptide mixtures.
Usage of Probe Tip (surface) Materials (composition) Other
Than Stainless Steel or Platinum for Sample Deposition

Examples:

Molten polypropylene or polystyrene was deposited on
stainless steel probe tip so as to cover 1t completely

Solid glass rod (1.5 mm dia) was cut into 1 cm segments
and 1nserted 1nto stainless steel probe tip support
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Solid nylon (Trimmer line, 1.5 mm dia, Arnold, Shelby,
Ohio) was cut into 1 cm segments and inserted into stainless
steel probe tip support

Magnetic stir bars (1.5x8 mm, teflon coated, Curtin
Matheson Scientific, Inc., Houston Tex.) inserted into stain-
less steel probe tip support

Peptide mixtures (as in FIG. 1 with dihydroxybenzoic
acid 1n 30% methanol/0.1% TFA) on all four surfaces. FIG.

4
Affinity-Directed Laser Desorption (with Matrix Added as
Described in Prior Art)

Examples:

Group 1. Immobilized metal 1on as the athnity ligand

Cu(Il) was chelated by iminodiacetate group covalently
attached to either porous agarose beads (Chelating
Sepharose Fast Flow, Pharmacia Biotech Inc., Piscataway,

N.J., ligand density 22-30 umole/ml gel) or solid TSK-SW

beads (ToyoSoda, Japan, ligand density 20 umole/ml gel)
Fe(IIl) was chelated by tris(carboxymethyl)

ethylenediamine-Sepharose 6B (synthesized as described by

Yip and Hutchens, Protein Expression and Purification
2(1991)355-362, ligand density 65 umole/ml)

1. A mixture of synthetic peptides, neurotensin (30
nmole), sperm activating peptide (50 nmole) and angio-

tensin I (150 nmole), were mixed with 50 ul packed volume
of TSK SW-IDA-Cu(Il) at pH 7.0 (20 mM sodium

phosphate, 0.5 M NaCl) at room temperature for 10 min.
The gel was then washed with 3x200 ul sodium phosphate
buffer, containing 0.5 M NaCl, pH 7.0 and suspended in
equal volume of water. 2 ul of the gel suspension was mixed
with 1 ul sinapinic acid (methanol). FIG. §, top profile,
showed the molecular ions (and multiple Na-adducts) of
neurotensin and sperm activating factor which were not
adsorbed by the IDA-Cu(Il). The mass spectrum in FIG. 5,
middle profile, showed mainly the angiotensin I plus
Na-adducts. When the IDA-Cu(Il) gel was further washed

with 500 ul of water 2x, the resulting mass spectrum showed
only the parent angiotensin I species with no other FIG. §,

bottom profile. When the IDA-Cu(ll) gel beads with
adsorbed angiotensin was mcubated with cyanohydroxycin-
namic acid (20 mg/ml water) pH 7.0 for 10 min at room
temperature and then analyzed separately, the angiotensin I
was found to be still associated with the gel beads and not
with the matrix solution.

2. Horse heart myoglobin (325 pmole) was mixed with 50
ul of TSK SW-IDA-Cu(Il) gel beads in 20 mM sodium
phosphate, 0.5 M NaCl, pH 7.0 at room temperature for 10
min. The gel beads were then washed with 2x500 ul of
buffer and 2x500 ul of water. The beads were suspended 1n
equal volume of water and then serial diluted into water. 0.5
ul of the diluted gel suspension was mixed with 1 ul of
sinapinic acid (30% methanol/0.1% TFA). A detectable
signal (after averaging 50 laser shots) of myoglobin was still
obtained when the calculated quantity equivalent to or less
than 8 fiole was deposited on the probe tip. FIG. 6

3. 100 ul of infant formula and gastric content of preterm
infant aspirated 90 min after feeding of mfant formula was
mixed with 50 ul of TED-Fe(Ill) in 0.1 M MES, 0.15 M
NaCl, pH 6.5 at room temperature for 15 min. The gel beads
were then washed with 3x500 ul of MES buffer and then
with 1x500 ul of water. 1 ul of the gel suspension was mixed
with 2 ul of sinapinic acid (50% acetonitrile/0.1% TFA). The
result showed that gastric aspirate had much more low
molecular weight phosphopeptides (i.e., bound by TED-Fe
(III)) than the formula due to proteolytic digestion. In situ
alkaline phosphatase digestion of peptides adsorbed on the
TED-Fe(Il) gel beads showed shifts to lower molecular
welght indicating that they are indeed phosphopeptides.
FIG. 7
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Group 2. Immobilized antibody as the affimity ligand

Polyclonal rabbit anti-human lactoferrin antibody was
custom generated for this lab by Bethyl Laboratories
(Montgomery, Tex.). It was purified by thiophilic adsorption
and then by immobilized lactoferrin column. Sheep anti-
rabbit IgG covalently attached to magnetic beads were
obtained from Dynal AS (Oslo, Norway) (uniform 2.8 um
superparamagnetic polystyrene beads, ligand density 10 ug
sheep IgG per mg bead).

1. Human lactoferrin (1 nmole) was incubated with rabbit
antihuman lactoferrin at 37° for 30 min. Subsequently, 40 ul
of sheep anti-rabbit IgG on Dynabeads (6—7x10% beads/ml)
was added and incubated at 37° for 30 min. The beads were
then washed with 3x500 ul of sodium phosphate buffer, and
2x500 ul of water. The final amount of human lactoferrin
bound to the complex was estimated to be 4 pmole. Approxi-
mately %10 of the beads was transferred to a magnetic probe
tip and mixed with 2 ul of sinapinic acid (30% MeOH/0.1%
TFA). Result showed the lactoferrin 1on signal in addition to
the rabbit IgG signal. FIG. 8

Group 3. Immobilized nucleic acid as the atfinity ligand

Single-strand DNA 1mmobilized on 4% agarose beads
was obtained from GIBCO BRL, Gaithersburg, Md. The
ligand density was 0.5—1.0 g/ml.

1. 200 ul of **’I human lactoferrin (equivalent to 49
nmole) was mixed with 100 ul of immobilized single-strand
DNA 1in 20 mM HEPES, pH 7.0 at room temperature for 10
min. The beads were then washed with 5x500 ul of HEPES
buffer and then suspended 1n equal volume of water. The
amount of lactoferrin bound per bead was found to be 62
fmole by determining the radioactivity and counting the
number of beads per unit volume. Various numbers of beads
(from 1 to 12) were deposited on 0.5 mm diameter probe tips
and mixed with 0.2 ul of sinapinic acid (30% methanol/0.1%
TFA). Lactoferrin ion signals were obtained with multiple
100 laser shots on a single bead with adsorbed lactoferrin.
FIG. 9

2. 30 pmole of **Fe-human lactoferrin was added to 1 ml
of preterm infant urine and mixed with 20 ul of immobilized
single-strand DNA on agarose in 0.1 M HEPES pH 7.4 at
room temperature for 15 min. The beads were washed with
2x500 ul HEPES buffer, and 2x500 ul of water. The beads
were then suspended 1n equal volume of water and 1 ul
(equivalent to not more than 350 fmole as determined by
radioactivity) was mixed with 1 ul sinapinic acid (30%
methanol/0.1% TFA) on a probe tip. Positive lactoferrin
signals were obtained for multiple 50 laser shots. FIG. 10

Group 4. Immobilized biomolecule as the affinity ligand

Soybean trypsin inhibitor (Sigma, St Louis, Mo.) was
immobilized on AffiGel 10 (BioRad Laboratories, Hercules,
Calif., ligand density 15 umole/ml) according to manufac-
turer’s 1nstructions.

1. 100 ul of human gastrointestinal aspirate was mixed
with 50 ul of immobilized soybean trypsin mhibitor in 20
mM sodium phosphate, 0.5 M sodium chloride, pH 7, at
room temperature for 15 min. The gel beads were then
washed with 3x500 ul of phosphate buifer, and 2x500 ul of
water. 1 ul of gel bead suspension was mixed with 2 ul of
sinapinic acid (50% acetonitrile/0.1% TFA). Result showed

the presence of trypsin and trypsinogen in the aspirate. FIG.

11

Group 5. Immobilized dye as the afhinity ligand
Cibacron Blue 3GA-agarose (Type 3000, 4% beaded

agarose, ligand density 2—5 umoles/ml, Sigma).

Other 1immobilized dyes include Reactive Red 120-
agarose, Reactive Blue-agarose, Reactive Green-agarose,
Reactive Yellow-agarose (Sigma)
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1. 200 ul of human plasma was mixed with 50 ul of
immobilized dye 1n 20 mM sodium phosphate, 0.5 M Na(l,
pH 7.0 at room temperature for 10 min. The gel beads were
then washed with 3x500 ul of phosphate buffer and 2x500

ul of water. 1 ul of gel bead suspension was mixed with 2 ul
of sinapinic acid (50% acetonitrile/0.1% TFA). Result
showed the selective adsorption of human serum albumin
from the serum sample by Cibacron Blue. FIG. 12
Surface-enhanced laser desorption

Examples:

Group 1. Energy-absorbing molecule covalently bonded
to surface via the N-group

Cinnamamide (Aldrich, not a matrix by prior art) was
dissolved in isopropanol/0.5 M sodium carbonate (3:1) and
mixed with divinyl sulfone (Fluka, Ronkonkoma, N.Y.)
activated Sepharose (Pharmacia) at room temperature for 2
hr. The excess molecules were washed away with 1sopro-
panol. The proposed structure was presented i FIG. 13. 2 ul
of bound or free molecule was deposited on the probe tips,
1 ul of peptide mixtures 1n 0.1% TFA was added on top and
the result showed the peptide 10n signals detected only for
the bound form. FIG. 14.

Group 2. Energy absorbing molecule covalently bonded
to surface via the C-group

Cynnamyl bromide (Aldrich, not a matrix by prior art)
was dissolved 1n 1sopropanol/0.5 M sodium carbonate and
mixed with divinyl sulfone-activated Sepharose at room
temperature overnight. The excess molecules were washed
away with 1sopropanol. The proposed structures are pre-
sented 1n FIG. 15. 2 ul of the bound or free molecule was
deposited on the probe tip, 1 ul of peptide mixtures in 0.1%
TFA was added on top and the result showed the detection
of peptide 10n signal only for the bound form. FIG. 16.

Group 3. Energy absorbing molecule covalently bonded
to surface via the C-group

Dibydroxybenzoic acid was activated by carbodimide
and mixed with Fmoc-MAP 8 branch resin (Applied
Biosystems, Forster City, Calif.) overnight. The proposed
structure was presented 1in FIG. 17. After washing, 1 ul of the
bonded molecule on MAP or the MAP alone in 50%
acetonitrile/0.1% TEA were deposited on the probe tip, 1 ul
of peptide mixture was added on top, the resulting mass
spectrum was presented 1 FIG. 18.

Group 4. Energy absorbing molecule covalently bonded
to surface via undetermined group.

Cyanohydroxycinnamic acid was dissolved in methanol
and mixed with AffiGel 10 (BioRad) at room temperature for
two hours. The unbound molecules were washed away with
methanol. Protein samples that are found to desorb success-
fully from this modified surface include myoglobin (FIG.
19), trypsin and carbonic anhydrase.

These examples (Groups 1-4) are also demonstrations of
combined surface-enhanced and afhinity-directed desorption
where the adsorbed (bonded) energy absorbing molecular
also act as afhinity adsorption reagents to enhance the capture
of analyte molecules.

Definitions:

(1) “Presenting surface”—the probe tip, sample plate or
other surface on which the analyte and matrix are
presented for desorption/ionization and analysis for
example by mass spectrometry.

(2) “Matrix”—as described in prior art as the substance
mixed with the analyte (typically prior to deposition)
and deposited on the presenting surface 1n association
with the analyte to absorb at least part of the energy
from the energy source (e.g., laser) to facilitate des-
orption of intact molecules of the analyte.
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(3) “Analyte”—the material which is the subject of des-
orption and mvestigation by mass spectrometry or other
means for detection.

(4) “Affinity reagent” (analyte capture device)—the class
of molecules (both man made, unnatural, natural and
biological) and/or compounds which have the ability of
being retained on the presenting surface (by covalent
bonding, chemical absorption, etc.) while retaining the
ability of recognition and bonding to an analyte.

(5) “Desorption”—the departure of analyte from the sur-
face and/or the entry of the analyte into a gaseous
phase.

(6) “Ionization”—the process of creating or retaining on
an analyte an electrical charge equal to plus or minus
one or more electron units.

(7) “Adduct”—the appearance of an additional mass
assoclated with the analyte and usually caused by the
reaction of excess matrix (or matrix break-down
products) directly with the analyte.

(8) “Adsorption”—the chemical bonding (covalent and/or

noncovalent) of the energy-absorbing molecules, the
affinity reagent (i.e., analyte capture device), and/or the
analyte to the probe (presenting surface).

SEQUENCE LISTING

(1) GENERAL INFORMATION:

(111) NUMBER OF SEQUENCES: 1

(2) INFORMATION FOR SEQ ID NO:1:
(1) SEQUENCE CHARACTERISTICS:
(A) LENGTH: 26
(B) TYPE: Peptide

(x1) SEQUENCE DESCRIPTION: SEQ ID NO:1l:
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5. The probe of claim 1 or claim 2 formed of a material
that comprises the atfinity reagent.

6. The probe of claim 1 or claim 2 comprising a plurality
of different athinity reagents.

7. The probe of claim 1 or claim 2 wherein the atfinity
reagent comprises a metal 1on, a nucleic acid, a polypeptide
or a carbohydrate.

8. The probe of claim 1 or claim 2 wherein the atfinity
reagent comprises an inhibitor of analyte function, a mol-
ccule that modifies analyte structure or function, or an
analyte binding ligand.

9. The probe of claim 1 or claim 2 wherein the affinity
reagent 1s derived from a natural source.

10. The probe of claim 1 or claim 2 wherein the affinity
reagent 1s derived from an unnatural source.

11. The probe of claim 1 or claim 2 wherein the analyte
1s a biopolymer.

12. The probe of claim 1 or claim 2 wherein the analyte
is a complex of different biopolymers.

13. The probe of claim 1 or claim 2 wherein affinity
reagent 1s comprised 1n spots arranged in a predetermined
array.

14. The probe of claim 1 or claim 2 free of matrix.

15. The probe of claim 1 or claim 2 further comprising

matrix.

Gly His His Pro His Gly His His Pro His Gly His His Pro His Gly

1 5 10

His His Pro His Gly His His Pro His Gly
20 25

What 1s claimed:

1. A probe that 1s removably insertable mto a mass
spectrometer, the probe having a surface for presenting an
analyte to an energy source that emits energy capable of
desorbing the analyte from the probe for analyte detection,
wherein the probe comprises an immobilized afhinity reagent
on the probe surface, wherein the affinity reagent 1s bound to
the analyte.

2. A probe that 1s removably insertable mmto a mass
spectrometer, the probe having a surface for presenting an
analyte to an energy source that emits eanergy capable of
desorbing the analyte from the probe for analyte detection,
wherein the probe comprises an immobilized afhinity reagent
on the probe surface, wherein the afhinity reagent 1s capable
of binding the analyte, and wherein the affinity reagent is
free of analyte.

3. The probe of claim 1 or claim 2 wherein the atfinity
reagent 1s 1mmobilized by binding to the probe surface.

4. The probe of claim 1 or claim 2 wherein the affinity
reagent 1s immobilized by binding to a solid phase placed on
the probe surface.
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16. The probe of claim 1 or claim 2 wherein the probe
surface 1s derivatized for covalent or non-covalent binding
to the aflinity reagent.

17. The probe of claim 1 or claim 2 wherein the surface
1s adhered to the probe magnetically.

18. The probe of claim 1 or claim 2 wherein the surface
comprises metal, metal coated with a synthetic polymer,
glass, ceramic, a synthetic polymer or a mixture thereof.

19. The probe of claim 1 or claim 2 wherein the surface
1s coated with a synthetic polymer.

20. The probe of claim 4 wherein the solid phase com-
prises a porous or non-porous bead of cross-linked polymer.

21. The probe of claim 4 wherein the solid phase com-
prises a magnetic or paramagetic material.

22. The probe of claim 4 wherein the solid phase com-
prises a polymeric bead to which the aflinity reagent 1s
attached.

23. The probe of claim 7 wheremn the a
comprises an antibody.

24. The probe of claim 7 wheremn the a
comprises a lectin.

™

1nity reagent

1nity reagent
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25. The probe of claim 7 wherein the affinity reagent 1s a
metal ion selected from Cull(IT) and Fe(III).

26. The probe of claam 7 wherein the aflinity reagent
COMPrises an enzyme.

27. The probe of claim 8 wherein the atfinity reagent 1s a
polypeptide 1nhibitor of analyte function.

28. The probe of claim 8 wherein the affinity reagent 1s
soybean trypsin inhibitor.

29. The probe of claim 13 wherein the array comprises an
array of spots from 0.005 to 0.080 inches 1n diameter.

30. The probe of claim 16 wherein the aflinity reagent 1s
covalently bound to the derivatized probe surface.

31. The probe of claim 16 wheremn the afhinity reagent 1s
a metal 1on bound to the derivatized probe surface through
coordinate covalent bonds.

32. The probe of claim 20 wheremn the cross-linked
polymer 1s agarose, cellulose or dextran.

33. A method for desorbing an analyte from a probe
surface comprising the steps, of:

(a) providing a probe that is removably insertable into a
mass spectrometer, the probe having a surface for
presenting the analyte to an energy source that emits
energy capable of desorbing the analyte from the probe
for analyte detection, wherein the probe comprises an
analyte bound to an immobilized atfinity reagent on the
probe surface; and

(b) exposing the analyte to energy from the energy source,
whereby the analyte 1s desorbed.
34. The method of claim 33 wherein the afhinity reagent
1s 1mmobilized by binding to the probe surface.
35. The method of claim 33 wherein the afhinity reagent
1s 1mmobilized by binding to a solid phase and the method
comprises the steps of:

exposing the afhinity reagent bound to the solid phase to
the analyte whereby the analyte binds to the affinity
reagent; and

transterring the solid phase to the probe surface.

36. The method of claim 33 wherein the energy source
emits laser light that 1onizes the analyte to produce an 1on.

37. The method of claim 33 further comprising after step
(b) the steps of:

¢) modifying the analyte chemically or enzymatically
while deposited on the probe surface; and
d) repeating step (b).
38. The method of claim 33 wherein the probe surface
comprises an array of locations, each location having at least
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one analyte deposited thereon; and step (b) comprises des-
orbing a first analyte from a first location in the array;

and wherein the method further comprises the step of (¢)
desorbing a second analyte from a second location 1n
the array.

39. The method of claim 33 further comprising the step of
removing molecules not bound to the atffinity reagent before
step (b).

40. The method of claim 33 wherein the afhinity reagent
concentrates the analyte from a sample.

41. The method of claim 33 wherein the athinity reagent
comprises a nucleic acid.

42. The Method of claim 33 wherein the aflinity reagent
and the analyte comprise nucleic acids.

43. The method of claim 33 wherein the affinity reagent
comprises a polypeptide.

44. The method of claim 33 wherein the afhinity reagent
comprises a carbohydrate.

45. The method of claim 33 wherein the analyte com-
prises a peptide.

46. The method of claim 33 wherein the analyte com-
prises a nucleic acid.

47. The method of claim 33 wherein the analyte com-
prises a carbohydrate.

48. The method of claim 35 further comprising the step of
modifymg the analyte chemically or enzymatically after the
analyte 1s bound to the affinity reagent.

49. The method of claim 35 wherein the solid phase
comprises a material selected from the group consisting of
an clectrically insulating material, a flexible material, an
optically transparent material, a cross-linked polymer and a
biopolymer.

50. The method of claim 46 wherein the nucleic acid 1s
DNA.

51. The method of claim 49 wherein the material 1s a bead.

52. The method of claim 49 wherein the material 1s a
cross-linked polymer or a biopolymer.

53. The method of claim 49 wherein the material 1s
selected from the group consisting of agarose, dextran and
cellulose.

54. The method of claim 49 wherein the material 1s glass

or a synthetic polymer selected from polystyrene,
polypropylene, polyethylene and polycarbonate.
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On the title page, item [54], after “Detection”, please delete “or" ana
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